The present Letter reports on self-diffusion in amorphous silicon. Experiments were done on 29 Si= nat Si heterostructures using neutron reflectometry and secondary ion mass spectrometry. The diffusivities follow the Arrhenius law in the temperature range between 550 and 700°C with an activation energy of ð4.4 AE 0.3Þ eV. In comparison with single crystalline silicon the diffusivities are tremendously higher by 5 orders of magnitude at about 700°C, which can be interpreted as the consequence of a high diffusion entropy.
The present Letter reports on self-diffusion in amorphous silicon. Experiments were done on 29 Si= nat Si heterostructures using neutron reflectometry and secondary ion mass spectrometry. The diffusivities follow the Arrhenius law in the temperature range between 550 and 700°C with an activation energy of ð4.4 AE 0.3Þ eV. In comparison with single crystalline silicon the diffusivities are tremendously higher by 5 orders of magnitude at about 700°C, which can be interpreted as the consequence of a high diffusion entropy. DOI: 10.1103/PhysRevLett.116.025901 The technological importance of amorphous silicon (a-Si) easily leads to the conclusion that the material is well understood. Yet, although it is widely used in everyday items such as solar cells [1] , thin film transistors [2] , thin film display technologies [3] , light emission diodes [4] and even lithium-ion batteries [5] , reliable experimental data on self-diffusion do not exist. For amorphous solids such data are of high importance because atomic mobility determines the intrinsic thermal stability of these materials and, consequently, also their range of use in technical applications. In literature, there exists some theoretical work on the simulation of a-Si self-diffusion by molecular dynamics [6, 7] . Some publications are also available that investigate interdiffusion in a-Si=a-Ge multilayer sample [8] . These results can be used to deduce upper limits of the selfdiffusivity in a-Si but have to be handled with care due to the presence of chemical gradients, density changes, and mechanical stress. On the other hand, self-diffusion in crystalline silicon has been experimentally investigated for decades [9, 10] . In a recent publication on this topic even the temperature range below 700°C is probed where corresponding amorphous material would not show an onset of crystallization [11] . A direct comparison of selfdiffusivities in the crystalline and amorphous state will give insight into differences and similarities concerning kinetics and defect structure and is of fundamental and broad interest. As a model system for a covalently bound amorphous semiconductor, a-Si can best be described as a fourfold coordinated continuous random network of silicon atoms [12] , exhibiting a deviation in bond lengths and bond angles from the values in its crystalline form [13] . The periodicity of the crystalline structure is not present in the amorphous state, but the short range order is comparable. Because of the statistical nature of the network there are about 20% fivefold coordinated Si atoms, resulting in dangling bonds on other sites [7] . These dangling bonds are possible recombination centers for charge carriers [14] and often passivated by hydrogen, forming a-Si:H [15] .
a-Si can be produced, e.g., by laser amorphization of crystalline silicon [16] , chemical vapor deposition [17] , ion-beam irradiation [18] , magnetron sputtering [19] ,o r ion-beam sputtering [20] . Independent of the production method, a-Si is thermodynamically in a nonequilibrium state. Thus, self-diffusion is an important factor in thermally activated structural reorganization processes such as crystallisation or relaxation towards intermediate metastable equilibria. At temperatures well below the onset of crystallization, a-Si undergoes a reorganization process referred to as structural relaxation [21, 22] . This means an increase in short range order with an accompanying reduction in free energy but still maintaining the amorphous state [21] . Since atomic mobility is assumed to govern these phenomena, a better understanding of diffusion, primarily by knowing the corresponding diffusivities, is the first step to a better description of this material. In addition, self-diffusion phenomena in a-Si also exhibit a strong influence on mechanical stability and plastic deformation, which is of special interest considering electrodes in Li-ion batteries, where the volume expansion of up to 400% during lithiation is a major problem [5] .
The lack of reliable diffusivities in a-Si can mainly be ascribed to the previously mentioned metastability. This necessitates experiments at low temperatures, probing for small diffusion lengths in the nanometer range and low diffusivities well below 10 -20 m 2 =s. It has already been shown that neutron reflectometry (NR) offers a toolset for such problems [23] . Consequently, the aim of the present Letter is the determination of self-diffusivities of a-Si with NR. In order to achieve this goal, characteristic samples have to be produced suitable for neutron experiments. The interaction of neutrons with the atomic nucleus gives rise to a sensitivity to stable isotopes of a certain element in contrast to the sensitivity of x rays for electrons and, consequently, for chemical differences only. Thus isotope multilayers are produced for the neutron experiments, meaning the alternating deposition of nat Si (mainly composed of 28 Si) and an isotopically enriched Si species. Here, 29 Si was used, which has a neutron scattering length of 4.70 fm that differs sufficiently from the 4.15 fm of nat Si to realize suitable multilayer samples. The isotope periodicity of those multilayers gives rise to artificial Bragg peaks in the reflectivity pattern of neutrons. The decrease of such peaks, e.g., after annealing steps, can then be used to determine diffusivities down to 10 -25 m 2 =s [23, 24] .
For the presented experiments, amorphous ½ 29 Sið7 nmÞj nat Sið24 nmÞ × 10 multilayer structures were produced by ion-beam sputter deposition onto commercial (100) oriented silicon wafers. For additional experiments with secondary ion mass spectrometry (SIMS) as an alternative analysis method to probe diffusion at higher temperatures, amorphous bilayer samples of 50 nm 29 Si on top of 120 nm nat Si were used. Detailed information on experimental procedures can be found in the Supplemental Material [25] .
Structural investigation was done by grazing-incidence x-ray diffractometry (GI-XRD) measurements of sputtered silicon films in the as-deposited state and at 700°C, which is the highest temperature under investigation (see Fig. S1 in the Supplemental Material [25] ). The as-deposited sample is clearly x-ray amorphous. Annealing for 3 min at 700°C does not change the pattern. In contrast, the curve for the sample annealed for 1 h at 700°C shows three distinct Bragg peaks which can be attributed to 111, 220, and 311 reflections. Further synchrotron based in situ measurements using a monochromatic beam also showed no sign of crystallinity [20] . Additionally, high resolution transmission electron microscopy (HR-TEM) measurements of an as-deposited bilayer structure as used for the SIMS experiments confirm the amorphous state. For a sample annealed for 1 h at 650°C, HR-TEM shows some isolated nanocrystallites with a diameter of ∼5 nm which do not form a percolation path within the amorphous matrix. These nanocrystals are not visible in the GI-XRD data. The combination of these results confirms that diffusion is measured in an amorphous structure.
In Fig. 1 (a) a typical reflectivity pattern of an as-deposited sample as obtained by NR is shown. The pattern exhibits the edge of total reflection at 0.011 Å −1 and a Bragg peak caused by the isotope modulation at 0.0234 Å −1 .T h e pattern is a superposition of the Fresnel reflectivity of silicon with the interference pattern characteristic of the multilayer structure. For background correction, the reflectivity of the amorphous sample, R sample , is divided by the measured reflectivity of a conventional silicon wafer, R wafer .T h i si s sho wninFig.1(b) for an as-deposited sample and a sample from the same batch treated for 1040 min at 600°C. A more detailed description of NR data evaluation is given in the Supplemental Material [25] . A decrease in Bragg peak intensity (integrated area below the peak), IðtÞ,i sc l e a r l y visible, which can be used to calculate self-diffusivities according to Refs. [23, 26] using the following equation:
Here, I 0 is the intensity of the Bragg peak at time t ¼ 0 (as-deposited sample) and l ¼ 31 nm is the bilayer periodicity. I S ¼ 0.4 stands for a saturation intensity [20] which will be explained in the discussion below. A comparison of peak intensities in Fig. 1(b) gives a decrease to about 49% of the initial intensity for the annealed sample. This is equivalent to a self-diffusivity of ð3.9 AE 2.2Þ × 10 -22 m 2 =s. The diffusivities obtained at different temperatures are plotted in Fig. 2 as a function of inverse temperature and are listed in Table SI of the Supplemental Material [25] . An annealing time dependence of diffusivities was not found. Thus, the concentration of point defects governing diffusion is not modified within error limits (e.g., by structural relaxation) during annealing at constant temperature. According to Stolk et al. [27] , structural relaxation processes have been shown to be completed in a timeframe of several seconds at temperatures used in the given experiments. Consequently, an experimental observation is beyond the scope of our experimental equipment at the moment. Structural relaxation is completed before its effect on diffusion can be detected. In which way structural relaxation may influence diffusion needs to be the subject of future studies at lower temperatures, where the timeframe of observation is larger. In addition to NR, supplementary experiments were done by SIMS at temperatures of 650 and 700°C on isotope bilayers. Figure 3 shows a comparison of the relative 29 Si isotope fraction, c, for the as-deposited sample and a sample from the same batch, annealed at 700°C for 3 min. Diffusion is reflected in a broadening of the whole profile of the annealed sample, which is clearly visible. Diffusivities can be determined as described in the Supplemental Material [25] . The slight deviation of the fit from the data points in the lower bend of the curve is attributable to ion-beam mixing. An evaluation of the data of Fig. 3 yields a self-diffusivity of ð1.3 AE 0.5Þ × 10 -19 m 2 =s. The SIMS results confirm the NR results at 650°C within error limits, proving the reliability of the neutron based data.
The saturation intensity I S introduced above for the analysis of the NR measurements is attributable to the carbon contamination that is present in the 29 Si layer. This carbon results in an additional rise of the scattering length density of the 29 Si layer and to a further contribution to the Bragg peaks. As shown in Ref. [20] , carbon stays localized in the 29 Si layer, even for the longest annealing times presented here. Consequently, its contribution to the Bragg peak does not change during annealing and the Bragg peak does not vanish completely during annealing. Furthermore, carbon is an isoelectronic element to silicon most likely forming immobile SiC clusters in the 29 Si layers. A look at available literature shows a virtual immobility of silicon in SiC in the temperature range investigated [28] . Support can also be found in the SIMS measurements on the bilayer structures as given in Fig. 3 . No measurable asymmetry in the diffusion profile after annealing can be found, which would be visible if a significant influence of the immobile carbon on the Si diffusion is present. It is to be noted that we do not exclude a priori an influence of carbon on Si diffusion, but for the present experiment it is below the detection limit.
The diffusivities given in Fig. 2 follow the Arrhenius law given as
The applied straight line fit yields an activation energy of ð4.4 AE 0.3Þ eV and a preexponential factor of D 0 ¼ 1.5 × 10 5 m 2 =s (error: log 10 D 0 ¼ 1.5).
This comparably high value of 4.4 eV indicates that the activation energy of diffusion has to be composed of a migration and a defect formation part. In literature, data on activation energies of diffusion are very limited. A theoretical study on self-diffusion in amorphous silicon can be found which was done between 627 and 1027°C by classical molecular dynamics [7] . An activation energy of silicon migration between 0.86 and 0.95 eV is derived. In a different study [29] , a migration energy of only 0.23 eV is calculated at low temperatures between 27 and 327°C. Mirabella et al. [30] give an activation energy of dangling bond migration (as the underlying diffusion defect) of 2.6 eV as derived from boron diffusion in a-Si. Further information on activation energies in a-Si can be found in experiments investigating structural relaxation, e.g., by resistivity measurements. This process involves point defect annihilation during annealing, necessitating a movement of atoms. According to various literature work [31] , activation energy spectra are found, ranging between 0.2 and 2.7 eV, which should at most represent the migration part of our activation energy given above. The spectral aspect of the activation energies for structural relaxation hints at a complex diffusion process with varying local coordination and orientation. In conclusion, literature data give estimations of migration energies of defects up to a maximum value of 2.7 eV. This confirms our assumption above that our activation energy of diffusion of 4.4 eV is the sum of a defect formation and migration part. This finding shows that structural, temperature-independent defects do not play an important role in the temperature range investigated. Otherwise, a lower activation energy, solely composed of the migration part would be obtained. With all necessary care, we can assess from the available data a defect formation energy of at least 1.7 eV (lower limit).
For further analysis, the present results are compared to the diffusion parameters of single crystalline silicon as found in the literature [11] . The diffusivities in a-Si are 5 orders of magnitude higher than in single crystals if compared at 700°C (the approximate crystallization temperature). This is a tremendous difference which is not found for other amorphous semiconductors such as silicon nitride [32] and has to be discussed further. First, the activation energies are compared. The activation energy of self-diffusion in crystalline silicon is given as 4.95 eV for the contribution of interstitials [11] and as 3.6 eV for the contribution of vacancies [10] . Alternatively, a temperature dependent activation energy of vacancies is postulated in Ref. [11] , which is less than 3.6 eV below 700°C. At temperatures above 900°C the interstitial mechanism is prevalent, while for lower temperatures a significant influence of vacancies is found. In general, diffusion in amorphous materials is expected to yield a lower activation energy compared to its crystalline counterpart, chiefly attributable to a more open structure and easier defect formation. For the present case, when comparing activation energies, this points to diffusion in amorphous silicon taking place by an interstitial-like mechanism (in the broadest sense). Under this assumption, the activation energies of 4.95 (crystalline) and 4.4 eV (amorphous) are quite similar.
The main reason for the tremendous difference in diffusivities becomes evident by contrasting the preexponential factors of 1.5 × 10 5 m 2 =s for amorphous silicon and 2.2 m 2 =s for crystalline silicon. The extremely high preexponential factor of a-Si is difficult to understand. Yet, from research on metallic glasses [33] it is known that D 0 can differ by several orders of magnitude between the crystalline and amorphous phase of the same type of material, including high preexponential factors. This is mainly attributed to a high entropy of diffusion, often resulting from the participation of several atoms in a single jump [33] . From our preexponential factor an entropy of diffusion as high as ΔS ≈ 26k B can be assessed, using ΔS ≈ lnðD 0 =a 2 νÞ and a ¼ 2.35 Å as the Si-Si atomic distance and ν ≈ 1.3 × 10 13 s −1 as the Debye frequency [34] . An explanation of the relatively high activation entropy of self-diffusion in crystalline Si and Ge (compared to metals) as spread-out point defects was first proposed by Seeger and Chik [11, 35] . More insight gives recent work on extended point defects in crystalline Ge and Si by Cowern et al. [36] . These authors postulate the presence of two distinct self-interstitial forms in order to explain B diffusion in crystalline Ge: A simple interstitial with a low entropy of diffusion to be present at low temperatures and a complex one with an entropy of 30k B to be present at high temperatures. This concept proved useful in interpreting our results, but is also critically discussed by a different group [37] (for details of this open discussion cf. Ref. [38] ). The structure of this extended defect [36] is assumed to be similar to an amorphous pocket, a complex thermodynamically stable structure incorporating several atoms of the lattice. The self-interstitial is extended over a certain volume of the lattice (N atoms occupy a volume normally occupied by N-1 lattice atoms). The authors further predict by a semiempiric model an activation energy of diffusion of about 6 eV for interstitial based extended defects and of about 5 eV for vacancy based extended defects in crystalline silicon. The corresponding entropy of diffusion is given as 16k B and 9k B , respectively. These defects move by shape shifting through numerous configurations [36] .I n light of these results, we interpret our data that such an extended defect structure might also be governing diffusion in a-Si. However, since the formation of this vehicle does not start from a crystalline structure but from the amorphous structure (necessarily different from the extended defect structure) the corresponding formation energies and consequently activation energies are expected to be lower. This would be in accordance with the activation energy of self-diffusion of 4.4 eV found in this study.
In literature, the main defects in a-Si that are thought to contribute to diffusion are dangling bonds [39] and floating bonds [40] . Moreover, other atomic rearrangement processes via bond break, bond switch, or even interstitial-like configurations or vacancylike defects [7, 41] are suggested in theoretical work. As of yet, there is no consensus and no experimental evidence on which of these defects play a role in self-diffusion processes in a-Si [40] . However, a preferred idea is the dangling bond as an active site for diffusing species [42] . In Ref. [43] the formation energy of a dangling bond in a-Si is assessed from experiments to be around 1 eV by applying the concept of thermalization energy to bias-stress data of thin film transistors. This value would be too low to explain our results (see above). In light of the extended defect picture sketched above and given in (Ref. [36] , Supplemental Material [25] ), such a defect diffuses by successive rebonding events at its interface, resulting in a shift of its center of mass. Here, also dangling bonds might be involved.
In conclusion, we reported on measurements of selfdiffusion in amorphous silicon using neutron reflectometry on 29 Si= nat Si isotope multilayers. Diffusivities between 10 -23 and 10 -19 m 2 =s for temperatures between 550 and 700°C were measured, following the Arrhenius law. The diffusion mechanism in itself is not completely understood, but the comparably high activation energy of ð4.4 AE 0.3Þ eV indicates the contribution of a migration and a defect formation part. A comparison to crystalline silicon yields significantly higher diffusivities for a-Si at a given temperature due to a high diffusion entropy but a comparable activation energy. As a possible reason for the high diffusion entropy, the presence of extended point defects incorporating several atoms of the lattice is suggested.
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